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ABSTRACT The Epstein-Barr virus (EBV) episome is known to interact with the
three-dimensional structure of the human genome in infected cells. However, the
exact locations of these interactions and their potential functional consequences re-
main unclear. Recently, high-resolution chromatin conformation capture (Hi-C) assays
in lymphoblastoid cells have become available, enabling us to precisely map the
contacts between the EBV episome(s) and the human host genome. Using available
Hi-C data at a 10-kb resolution, we have identified 15,000 reproducible contacts be-
tween EBV episome(s) and the human genome. These contacts are highly enriched
in chromatin regions denoted by typical or super enhancers and active markers, in-
cluding histone H3K27ac and H3K4me1. Additionally, these contacts are highly en-
riched at loci bound by host transcription factors that regulate B cell growth (e.g.,
IKZF1 and RUNX3), factors that enhance cell proliferation (e.g., HDGF), or factors that
promote viral replication (e.g., NBS1 and NFIC). EBV contacts show nearly 2-fold en-
richment in host regions bound by EBV nuclear antigen 2 (EBNA2) and EBNA3 tran-
scription factors. Circular chromosome conformation capture followed by sequencing
(4C-seq) using the EBV origin of plasmid replication (oriP) as a “bait” in lymphoblas-
toid cells further confirmed contacts with active chromatin regions. Collectively, our
analysis supports interactions between EBV episome(s) and active regions of the hu-
man genome in lymphoblastoid cells.

IMPORTANCE EBV is associated with �200,000 cancers each year. In vitro, EBV can
transform primary human B lymphocytes into immortalized cell lines. EBV-encoded
proteins, along with noncoding RNAs and microRNAs, hijack cellular proteins and
pathways to control cell growth. EBV nuclear proteins usurp normal transcriptional
programs to activate the expression of key oncogenes, including MYC, to provide a
proliferation signal. EBV nuclear antigens also repress CDKN2A to suppress senes-
cence. EBV membrane protein activates NF-�B to provide survival signals. EBV ge-
nomes are maintained by EBNA1, which tethers EBV episomes to the host chromo-
somes during mitosis. However, little is known about where EBV episomes are
located in interphase cells. In interphase cells, EBV promoters drive the expression of
latency genes, while oriP functions as an enhancer for these promoters. In this
study, integrative analyses of published lymphoblastoid cell line (LCL) Hi-C data and
our 4C-seq experiments position EBV episomes to host genomes with active epige-
netic marks. These contact points were significantly enriched for super enhancers.
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The close proximity of EBV episomes and the super enhancers that are enriched for
transcription cofactors or mediators in lymphoblasts may benefit EBV gene expres-
sion, suggesting a novel mechanism of transcriptional activation.

KEYWORDS Epstein-Barr Virus, physical interaction, Hi-C, lymphoblastoid, 4C-seq

Epstein-Barr virus (EBV) was the first human DNA tumor virus identified, over fifty
years ago from African Burkitt’s lymphoma (1, 2). EBV causes �200,000 cancers each

year. These cancers include Burkitt’s lymphoma, Hodgkin’s lymphoma, posttransplant
lymphoproliferative disease (PTLD), AIDS central nervous system (CNS) lymphoma,
nasopharyngeal carcinoma (NPC), and 10% of gastric cancers (3). In vitro, EBV trans-
forms primary resting B lymphocytes (RBLs) into continuously proliferating lympho-
blastoid cell lines (LCLs) through expression of type III EBV latency genes that include
6 EBV nuclear antigens (EBNAs), three latent membrane proteins (LMPs), noncoding
RNAs, and microRNAs (miRNAs) (4). LCLs express the same EBV genes as PTLD and AIDS
lymphoma. Therefore, LCLs provide a useful model system to study EBV oncogenesis.
Genetic studies found that many of these genes are essential for continuous LCL
growth and viral reactivation (5). EBNA2 is the major EBV transcription activator and it
activates MYC and other EBV latency genes (6, 7). Epstein-Barr virus nuclear antigen
leader protein (EBNALP) strongly coactivates with EBNA2 (8). EBNA3A and 3C repress
senescence through inhibition of CDKN2A (9–11). LMP1 activates NF-�B to provide
survival signals (12).

During primary infection, EBV membrane proteins gp350 and gp42 bind to B cell
receptors CR2 and HLA class II molecules. The viral membrane is then fused to the
endosomal membrane and the viral capsid is released into the cytoplasm (13). The
linear viral DNA is circularized and chromatinized to form an episome in the nucleus.
During mitosis, EBNA1 binds to the EBV origin of plasmid replication (oriP) to initiate
replication (14). EBNA1 also tethers the episomes to the host chromosomes, allowing
episomes to segregate into daughter cells with the host chromosome, maintaining a
stable episome copy number (15–17). In interphase, the EBV Cp promoter drives the
expression of EBNAs and the bidirectional LMP1/LMP2 promoter drives the expression
of LMPs. EBNA1 strongly activates a reporter under the control of oriP, and oriP
functions as an enhancer for Cp and LMPs. Many host transcription factors (TFs) can
bind to the oriP and may contribute to oriP enhancer activity (18, 19).

Enhancers are marked by active histone markers H3K27ac and H3K4me1. Enhancers
loop to promoters to increase the expression of their direct target genes. Clusters of
dense enhancers with extraordinary strong H3K27ac signals form super enhancers (SEs).
SEs are bound by clusters of TFs. These TFs recruit transcription cofactors and basal
transcription factors such as BRD4 and mediator subunits. SEs are critically important
for cancer cell proliferation (20) and LCL SEs control the expression of key oncogenes,
including MYC. EBV TFs also converge to SEs to promote cell growth and survival (21,
22). However, SEs are more sensitive to perturbations than average enhancers and
selectively targeting SEs may lead to novel therapies (23, 24).

Chromatin conformation capture (3C)-based techniques can capture the interac-
tions between genomic DNAs in cells. The 3C technique followed by deep sequencing
(Hi-C) defines the genome-wide chromatin interactions (25). Captured Hi-C (cHi-C) uses
oligonucleotides to enrich a collection of specific DNA regions and their contacting
genomic DNAs. Circular chromatin conformation capture followed by deep sequencing
(4C-seq) captures the interactions between one specific genomic region (viewpoint)
and the rest of the genome. These 3C-based assays provided powerful tools to
interrogate the interactions between extrachromosomal viral episomes and the host
genome. LCL GM12878 Hi-C defines high-resolution genomic interactions (26). Analysis
of this data set at 1 million base-pair resolution found EBV episomes tend to interact
with gene-poor chromosomes (27). Interestingly, reanalyzing the same data set at
10-kb resolution found EBV episomes tend to interact with transcriptionally active
regions (28). In Burkitt’s lymphoma cell lines, 4C-seq using the EBV genome as view-
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point found that EBV episomes frequently interact with repressed genomic regions.
However, in LCLs the episome 4C-seq also correlated with Hi-C, showing EBV episomes
interact with active host genomic regions, even though the resolution was not as high
(28). Episomal hepatitis B virus (HBV) DNA interacts with actively transcribed genomic
regions (29). cHi-C found HBV episomal DNA preferentially contacts CpG islands,
whereas adenovirus preferentially associates with transcriptional start sites (30). These
findings indicate that the interactions between viral episomes and the host DNA vary
dramatically, depending on different cell types or viral latency programs. More analyses
are needed to further understand the functional significance of the interactions be-
tween viral episomes and the host genome.

We set out to further evaluate the relationship between EBV episomes in LCLs using
high-resolution Hi-C data. We found that EBV episomes preferentially interact with
enhancers and super enhancers. The interactions were then validated by 4C-seq. These
finding add a new dimension to our understanding of EBV oncogenesis.

RESULTS
EBV contacts highly active regions of the host genome. We reanalyzed currently

available high-resolution Hi-C data (26) from the lymphoblastoid cell line GM12878
(GSE63525) by examining the reads supporting colocalization (i.e., contact) of EBV
episome(s) and the human genome. We sourced data from 5 biological replicates with
the highest sequencing coverage containing �76 to 247 million paired-end high-
quality contacts, of which �24,686 to 153,125 were between the EBV episome(s) and
the human genome (Table S1 in the supplemental material). In agreement with a
previous study (27), at chromosomal-level resolution, larger chromosomes (e.g., chr1-4)
displayed more EBV contacts (Fig. 1A, adjusted for chromosomal length). We also found
higher numbers of contacts with chromosomes 12, 13, and 17. All regions of the EBV
episome(s) seem to participate in contacts (Fig. 1B). In order to construct a high-
resolution and reproducible EBV and human host contact map, we focused on contacts
at 10-kb resolution that are shared among two or more biological replicates. We found
15,000 such contacts (Fig. 1C and Table S1), of which nearly half were located in intronic
regions, showing a 1.2-fold enrichment compared to all intronic regions genome-wide
(Fig. 1D). Contacts also significantly overlapped promoter and exonic regions, but failed
to overlap intergenic loci compared to what would be expected given the fractions of
all promoters, exons, or intergenic loci in the entire genome (Fig. 1D).

To characterize epigenetic markers at the contact loci, we first sourced 22 publicly
available genome-wide histone modification data in GM12878 from the encyclopedia
of DNA elements (ENCODE) (31). We used an unbiased approach examining which, if
any, histone modifications can distinguish EBV contacts from control regions (i.e.,
size-matched noncontact loci). This was done by comparing the mean signal intensity
of the histone modification in EBV contacts versus control regions using receiver
operating characteristic (ROC) and the area under the ROC curves (AUC) (Table S2).
Histone markers, including H3K27ac and H3K4me1, that are typically associated with
active chromatin regions such as enhancers and promoters had the highest predictive
power (AUC �0.7; Fig. 1E, Table S2) at separating EBV contacts from noncontacts. This
was also evident as the mean binding intensity of H3K27ac in EBV contact regions was
higher than in control loci (Fig. 1F). Conversely, histone modifications associated with
polycomb repression or heterochromatin, including H3K27me3, did not show strong
predictive power (AUC �0.5; Fig. 1G). In addition, genomic loci with active histone
markers were �1.5- to 2.1-fold more enriched in EBV contacts compared to control
regions (Fig. 1G). Importantly, for all LCL H3K27ac peaks, �12% of them had contacts
with EBV episomes (Fig. 1G). Similarly, �8% of all H3K4m1 peaks had contacts with EBV
episomes (Fig. 1G). In contrast, significantly fewer contacts were detected between
control regions and the EBV episomes. These findings suggest that EBV episomes
selectively target active enhancers in LCLs.

We next examined direct overlap between EBV contact regions and enhancer loci.
Enhancers are often annotated into two broad classes based on their size and associ-
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ated histone marker signals, i.e., typical enhancers (TEs) and super enhancers (SEs). We
sourced 10,354 TE and 256 SE annotations in GM12878 cells from public data (23).
Nearly 58% of SEs and 17% of TEs overlapped with EBV contacts compared to 22% and
8% in control regions, respectively (Fig. 1H). We specifically focused on SEs as the most
active elements of the human genome and having the highest levels of H3K27ac. To
understand whether SEs with or without EBV contacts belong to different functional
categories, we performed pathway analysis on adjacent target genes. While genes near
SEs with or without EBV contacts were enriched in lymphocyte activation, genes near
SEs with EBV contacts were specifically enriched in B cell functions (e.g., receptor

FIG 1 EBV contacts are enriched in active regions of the host genome. (A) EBV interaction frequency with the host genome at the
chromosomal level. (B) Distribution of contact frequency across the EBV genome. (C) 15,000 interactions between EBV and the host
genome common to n � 2 replicates. Each eclipse represents one Hi-C replicate in the GM12878 line. Data are from GSE63525. (D)
Distribution of genomics elements (i.e., introns, exons, promoters, and intergenic regions) in the entire genome (left) and in the EBV
contacts (right). FE, fold enrichment compared to the entire genome. (E) The receiver operating characteristics (ROC) curves distinguishing
control regions (n � 15,000) from EBV contact loci (n � 15,000) based on the indicated histone marker. Numbers show the area under the
curve (AUC) for each marker. Peak annotations are from ENCODE (31). (F) Violin plot comparing mean H3k27ac signal intensity in 15,000
control regions versus with EBV contacts. Median are highlighted by solid and dashed lines. (G) Bar-charts showing percentage of histone
marker peaks that overlap with EBV contact or control regions. Fisher’s exact test: ****, P � 0.0001; ns, not significant. (H) EBV contact
enrichment in super enhancer (SE) architectures (top) and typical enhancers (TE) (bottom). SE and TE annotations are from GM12878 (23).
Percentages of regions interacting with EBV are shown. Controls are size-matched regions randomly selected across the entire genome.
(I) Pathway analysis of SE-containing genes with and without EBV contacts using Metascape. The selected top 8 pathways are highlighted.
(J) ROC curves distinguishing control regions from EBV-interacting regions based on all open chromatin regions annotated from ATAC-seq
(GSE103301) in GM12878.
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signaling, differentiation, and activation), suggesting that EBV contacts may affect the
function of contacted SEs (Fig. 1I).

To further substantiate overrepresentation of EBV contacts in active regions of host
chromatin, we obtained data from an existing assay for transposase-accessible chro-
matin using sequencing (ATAC-seq; GSE103301) in the GM12878 line (32). EBV contact
regions had higher ATAC-seq signal than control regions and the ATAC signal had a
significant predictive power at distinguishing EBV contacts and control regions (Fig. 1J;
AUC � 0.62, P � 0.0001). Collectively, our data show that, in GM12878 cells, EBV
episomes contact active and open chromatin regions.

EBV contacts genomic loci bound by key host and viral transcription factors.
We next asked whether any of the host or viral TFs are enriched in EBV contact loci, as
such information could help in identifying functional consequences and/or potential
regulators of EBV contacts. To this end, we downloaded all 134 transcription factor
genome-wide binding profiles (ChIP-seq) in GM12878 from ENCODE (31) (see Table
S2A). We employed the above-mentioned approach to identify TFs that have higher
binding intensity in EBV-contact regions than in control regions. Notably, top host
transcription factors enriched in EBV contacts belonged to one of the following
categories: (i) TFs that regulate B cell function (e.g., IKZF1 and RUNX3); (ii) TFs that
enhance cell proliferation (e.g., HDGF); or (iii) TFs that affect viral replication (e.g., NBN
and NFIC) (Fig. 2A and B, Table S2). Binding peaks for these TFs were colocalized with
EBV contacts and were 1.5- to 2-fold more enriched in EBV contacts compared to
control regions (Fig. 2C and D).

EBV-encoded TFs (e.g., EBNA1, 2, 3B, and 3C) are known to bind human host
genomes (21, 22) and are speculated to be involved in tethering EBV episome(s) to the
host chromatin. To test this, we first obtained ChIP-seq data available for four EBV TFs
in LCLs and examined the overlap between the TF-bound loci and EBV-contact regions.
EBV TF-bound regions overlapped �1.5 to 2.5-fold more with EBV contact loci than
with control regions, with EBNA2 and EBNA3B having the largest overlap (Fig. 3A).
Moreover, EBV-contact regions had higher binding intensities for these TFs compared
to controls (Fig. 3B, representative loci are shown in Fig. 3C).

FIG 2 EBV-contact regions are bound by key host transcription factors. (A) AUCs showing the power of each TF to distinguish EBV
contacts (n � 15,000) from control regions (n � 15,000). The top TFs with higher binding signals in EBV contacts than in control loci
are highlighted. (B) ROC curves showing the specificity and sensitivity of the indicated top TFs in discriminating EBV contacts from
control loci. AUC values and their P values are indicated. (C) Bar chart showing the percentage of TF peaks that overlap with EBV
contacts versus control regions. Fisher’s exact test: ****, P � 0.0001. (D) ChIP-seq tracks for three representative loci with one or more
EBV contacts and SE.
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Taken together, our data show that EBV contacts were colocalized with bound
regions of specific host and viral TFs.

4C-seq validates EBV contacts with host active chromatin regions. To indepen-
dently verify EBV contacts with host active chromatin regions, we performed 4C-seq in
GM12878 cells. We chose oriP as viewpoint to identify the host DNA in close proximity to
EBV episomes. Cells were first cross-linked with formaldehyde and lysed. Cellular DNA was
cut by DpnII and the DNA ends were then ligated. After reverse cross-linking, purified DNA
was cut again with NlaIII and then ligated. Inverse PCR from the edges of oriP was used to
amplify the host DNA ligated to oriP DNA. The amplified DNA was deep sequenced. The
reads were then mapped to the host genome (Fig. 4A), similarly to what was previously
reported (28). This yielded �8 million high-quality reads that were mapped to human or
EBV genomes, respectively, providing a whole-genome tethering map of EBV episome(s) to
the human genome (Fig. 4B and C). We then calculated the 4C signal at super enhancer loci.
Consistent with the Hi-C data, our experiment showed higher 4C signal in SE loci compared
to controls (Fig. 4D) and colocalization with H3K27ac (Fig. 4E). H3K27ac and 4C-seq tracks
are shown at BCL2 representative loci (Fig. 4F).

We next employed an orthogonal fluorescence in situ hybridization (FISH)-based
method to visualize one of the contacts between EBV and the host genomic loci. We
chose the MYC locus since it plays an important role in EBV-driven diseases (33, 34) and
contains strong EBV contacts and H3K27ac signals (Fig. 4G). As a control, we selected
a region with similar levels of H3K27ac signal but without any EBV contacts (Fig. 4G).
EBV bacterial artificial chromosome (BAC) was labeled with red fluorescent dye and
MYC- or control loci-specific BACs were labeled with green fluorescent dye. After
hybridization, colocalizations of red and green FISH probes were quantified using a
fluorescent microscope (Fig. 4H). As evidenced by FISH, we observed a 10-fold increase
in the colocalization of MYC and EBV probes compared to control and EBV probes (Fig.
4H). Collectively, these data validate the colocalization of EBV episome(s) and active
regions of the host chromatin.

DISCUSSION

The mechanisms through which EBV episomes persist during mitosis are well
characterized. In interphase cells, EBV latency genes are expressed from the episomes.

FIG 3 EBV-contact host regions are bound by viral transcription factors. (A) Bar chart showing the percentage of
TF peaks that overlap with EBV contacts versus control regions. Fisher’s exact test: ****, P � 0.0001. (B) Boxplots
comparing the maximum binding intensity of the indicated TF in EBV contacts versus control regions. Two-tailed
Mann-Whitney test: ****, P � 0.0001. (C) ChIP-seq tracks for three representative loci.
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In LCLs, the major EBV-encoded transcription factor EBNA2 is tethered to EBV enhanc-
ers/promoters through host transcription factors, such as RBPJ, to activate the expres-
sion of other latency genes (6, 35). EBNA2 can induce the DNA binding of RBPJ to
facilitate access to viral and host DNA (36, 37). Traditionally, the positions of the
episomes in the nuclei can be traced using FISH. However, FISH is very low throughput.
Only a couple of loci could be visualized simultaneously. Before next-generation
sequencing techniques were available, little was known about the precise location of
the EBV episomes in interphase cell nuclei at the molecular level. With the development
of next-generation sequencing technique-based assays, it is now possible to pinpoint
the exact location of viral episomes in the nucleus. By analyzing a high-resolution
GM12878 LCL Hi-C map with billions of valid genomic DNA interactions, we positioned
EBV episomes in close proximity to active enhancers. Furthermore, we found EBV
episomes to be selectively in close proximity to super enhancers. The episomal docking
sites were enriched with active enhancer markers, EBNAs, and several cellular TFs. We
also used an additional 4C-seq assay to validate the findings from Hi-C.

FIG 4 4C-seq-based map of EBV host contacts in GM12878 cells. (A) 4C-seq experimental design. (B and C) EBV-tethering sites on human
host chromosomes by circus plot (B) and chromosome plot (C). (D) Boxplot comparing mean 4C signal intensities at 256 SEs versus
size-matched controls. The median is highlighted as a solid line. (E) ROC curve showing the specificity and sensitivity of the 4C signal
(mean signal intensities) in discriminating EBV contacts from control loci. (F) Tracks showing H3K27ac ChIP-seq and colocalization with 4C
signal in GM12878 cells at the BCL2 locus. (G and H) Validation of 4C interaction sites by FISH. (G) Tracks showing H3K27ac ChIP-seq and
4C signal at MYC versus control locus. The precise position of the FISH probe is highlighted by an open box. (H) Mitotic nuclei (left) stained
with dual FISH probes of EBV-BAC (red) and target/control (green). Bar chart (right) showing quantification of the percentage of
colocalized FISH signals between EBV-BAC and target/control probes.
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SE complexes form phase-separated compartments to ensure efficient transcription
(38). EBNAs are components of phase-separated condensates (39) and oriP functions as
a strong enhancer that activates other type III latency genes. EBNAs can also bind to
oriP (Fig. 5A). Therefore, the episomes may dock onto SEs though EBNAs. EBV episomes
can take advantage of the existing SEs by positioning themselves in close physical
proximity to use the proteins already present in condensate to ensure efficient tran-
scription of viral genes (Fig. 5B).

In Burkitt’s lymphoma cell lines, EBV episome docking sites are enriched in EBNA1
binding. Depletion of EBNA1 reduced episome docking to host sites and affected the
repression of genes near the docking sites (28). In addition, cellular TFs EBF1 and RBPJ
are all enriched at the docking site. These data support the notion that EBNA1 can
tether episomes to host chromatin in interphase cells. In LCLs, Kim et al. determined
from Hi-C data that active histone markers H3K27ac, H3K4me1, and EBNA2, but not
EBNA1, are enriched at EBV-docking sites (28). However, by selecting highly reproduc-
ible Hi-C contact points, we found EBNA1 was significantly enriched in EBV episome-
docking sites (Fig. 3A). These data suggest that EBNA1 may also tether EBV episomes
to host chromatin in type III latency cells.

In type I EBV latency, where only EBNA1 and noncoding RNA and miRNAs are
expressed, EBV episomes dock to repressed chromatin (28). Recently, Okabe et al.
reported that in EBV� gastric cancer cell lines, EBV infection induces H3k27ac at the site
of interaction and EBV-interacting loci exhibit heterochromatin-to-euchromatin transi-
tions (40). EBV� gastric cancers express type II EBV latency, in which EBNA1, LMPs,
noncoding RNAs, and miRNAs are expressed. These data suggested that EBV episomes
dock to sites with different epigenetic hallmarks in cells expressing different EBV
latency genes.

DNA tumor viruses transform normal human cells through distinct mechanisms.
Interestingly, HBV and adenovirus both preferentially dock at active chromatin. Human
papillomaviruses (HPV) integration sites frequently colocalize with SEs, suggesting that,
before integration, HPV genomes are in close proximity to SEs (41). Here, we found that
EBV episomes also selectively target host SEs. These findings suggest that DNA tumor
viruses have evolved a common strategy to transform normal cells to cause cancer.

MATERIALS AND METHODS
Hi-C data analysis. The analysis of Hi-C data was done by Juicer and Juicer tools (42). Chimeric

reference genome hg38_ebv was generated by replacing chromosome Y of the human reference
genome (GRCh38; hg38) with the EBV genome (ACC number NC_007605). The index of chimeric
reference genome was built by the bwa v0.7.17 index procedure (43). Restriction sites were identified by
generate_site_positions.py with digestion enzyme as MboI and genome release as hg38_ebv. Raw data
were processed by juicer.sh with parameters “-z hg38_ebv.fa -D . -p hg38_ebv.chrom.sizes -y restriction-
_sites/hg38_ebv_MboI.txt -t 40.” EBV contacts with each host chromosome at resolution 10,000 bp were

FIG 5 EBV episome TF binding and phase separation. (A) ChIP-seq reads were mapped to the EBV genome and visualized in genome browser.
EBV genome annotation is shown at the bottom. The position of oriP is indicated. The peak height is indicated above each track on the right.
(B) Schematic of EBV episomes and the host genome. The EBV episome is in close proximity to the TF, coactivator, and mediator in
phase-separated condensate.
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extracted from “.hic” files using Juicer tools with parameters “dump observed None chrN chrY BP 10000,”
where chrN ranges from chr1 to chrX. Normalized counts of interactions between EBV episome(s) and
host genome were defined as observed counts divided by chromosomal length (Fig. 1A). Shared EBV
contacts were defined as contacts that were present in at least 2 replicates with exactly the same
interaction sites on both human genome and EBV genome.

4C-seq assay in GM12878 cells. The 4C libraries were prepared using previously published
protocols with minor modifications (44). Briefly, 1 � 107 cells were fixed in 1% formaldehyde for 10 min
at 37°C. Nuclei were resuspended in 500 �l of restriction enzyme buffer and permeabilized by incubation
with 10% SDS (final concentration 0.3%) at 37°C overnight. DpnII restriction enzyme (500 units) was
added and incubated overnight at 37°C with shaking. Digestion was stopped after adding 1.6% SDS and
incubated at 65°C for 25 min. Samples were then diluted in 7.5 ml of 1� ligation buffer and 100 Weiss
units of T4 DNA ligase was added. Samples were kept at 16°C for 24 h. The ligated chromatin was
digested by proteinase K at 65°C overnight. Samples were purified by phenol-chloroform extraction and
ethanol precipitation. Samples were further digested by 150 units of NlaIII and circularized using T4 DNA
ligase. After purification, 16 parallel PCRs, each containing 3.2 �g of circularized DNA, were performed
with primers as follows: (i) index primer for replicate 1, 5=-AAT GAT ACG GCG ACC ACC GAA CAC TCT TTC
CCT ACA CGA CGC TCT TCC GAT CTGTCCGG CGC GAT TGC TGC GAT C; (ii) index primer for replicate 2,
5=-AAT GAT ACG GCG ACC ACC GAA CAC TCT TTC CCT ACA CGA CGC TCT TCC GAT CTATCAGG CGC GAT
TGC TGC GAT C; and (iii) universal primer, 5=-CAA GCA GAA GAC GGC ATA CGA GAG ACA ACC AGT GGA
GTC CG. The amplicons were extracted by AMPure XP beads. The bar-coded DNA libraries were
sequenced as 75-bp single-end reads using the Illumina HiSeq2000 platform.

4C-seq data analysis. The 4C-seq data analysis was performed as previously described (44). After
demultiplexing, the reads that contain the reading primer were kept. The sequences before the DpnII and
after the NalIII sites were trimmed to extract the captured fragment. The fragments were mapped to the
hg19 assembly by Burrows-Wheeler Aligner (BWA). The ligation sites were determined. Mapped frag-
ments were further aligned to a reduced in silico digestion “library” containing DpnII sites genome wide.
A “binarization” step was performed to minimize the PCR duplication bias. Then, a window-based model
was used to identify significantly interacting regions. Sites with only one read were eliminated to reduce
background noise. Reproducible sites were defined as 4C sites with coverage of �1 in both biological
replicates. The subsequent differential 4C-seq interactions were identified using the W4Cseq package.
The regions with P values smaller than 0.05 were taken as candidates with significant differences.

ChIP-seq data analysis. For EBV TF ChIP-seq data, all sequencing reads were aligned to a human
reference genome (GRCh38; hg38) using Bowtie v1.2.2 (45) with default single-end alignment settings
and additional parameters of “– chunkmbs 1000 S -m 1.” The index for reference genome was built
by using “bowtie-build” with default parameters. The aligned reads were further filtered out for
low-quality reads (q � 30) and then sorted and indexed by Samtools v1.9 (46). TF binding intensity
profiles (i.e., bigWig files) were generated by bamCoverage v3.2.0 (47) using “--normalizeUsing BPM
--minMappingQuality 30 --ignoreDuplicates --extendReads 250 --blackListFileName hg38.blacklist.bed.”
Binding profiles were visualized by IGV genome browser v2.8.0 (48). Binding peaks were called by
“callpeaks” procedure from MACS2 v2.1.2 (49) using default parameters but “--nomodel -t treatment.”
The identified peaks were further screened against “hg38 blacklisted” genomic regions, mitochondrial
DNA, and pseudochromosomes. TF binding intensities in bound regions were calculated by UCSC
bigWigAverageOverBed v2 with default parameters and the mean signal intensities were visualized by
PRISM v8.4.3. Selected sequencing libraries (Fig. 5A) were aligned to the EBV genome (ACC number
NC_007605) using Bowtie v1.2.2 with either default single-end or paired-end alignment settings, with
additional parameters “– chunkmbs 1000 -S -m 1.” The filtering of low-quality reads, sorting, indexing,
and visualization of aligned reads are the same as the processes for the EBV TF ChIP-seq data.

EBV contacts analysis. EBV contacts that are common to two or more Hi-C biological replicates were
obtained (Fig. 1C, Table S1B). Peak annotations for human TFs were sourced from ENCODE database with
accession numbers listed in Table S2A. Annotations of TEs and SEs were obtained from reference 23.
Overlap between EBV contacts and TFs, SEs, or TEs were calculated using bedtools intersect (50).

RNA-seq data analysis. For visualization of gene expression, transcriptome sequencing (RNA-seq)
raw data were aligned to a human reference genome (GRCh38; hg38) using Bowtie v1.2.2 (45) with
parameters “--chunkmbs 1000 -S -m 100 -n 1,” then sorted and indexed by Samtools v1.9 (46). The
genome-wide gene expression profiles (i.e., bigWig files) were generated by bamCoverage v3.2.0 (47)
using parameters “–normalizeUsing BPM --minMappingQuality 30 --ignoreDuplicates --extendReads 250
--blackListFileName hg38.blacklist.bed,” where the blacklisted regions were obtained from reference 51.
The gene expression profiles were visualized using IGV genome browser v2.8.0 (48).

FISH assay protocol. Cells were treated with 0.075 M KCl, fixed with methanol:acetic acid (at 3:1),
and mounted to slides. Slides were treated with 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) at 37°C for 30 min and dehydrated in ethanol at room temperature. Probes (10 �l each) were
added to slides. Probes and cellular DNA were denatured at 73°C for 2 min and hybridization was done
at 37°C for 48 h in a humidified chamber. Slides were washed in 50% formamide/2� SSC (pH 7.2) and
then 2� SSC at 42°C. Cellular DNA was labeled with DAPI (4=,6-diamidino-2-phenylindole). The EBV
BAC was labeled with SpectrumOrange. The other BACs were labeled with SpectrumGreen (Abbott
Molecular).

Data sources. Hi-C samples were collected from GSE63525 (HIC021, HIC022, HIC023, HIC024, and
HIC025). RNA-seq data are from GSE126379. The ChIP-seq data for histone markers and TFs are from
ENCODE. The ChIP-seq data for EBV TFs EBNA1, EBNA2, EBNA3B, and EBNA3C are from GSE98121,
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GSE29498, and GSE76166, respectively. The annotations for super enhancers and typical enhancers are
from reference 23.

Data availability. The 4C data are available in the Gene Expression Omnibus (GEO) under accession
number GSE154052.
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